Abstract Vascular endothelial growth factor receptor 2 (VEGFR2) has been reported to play an important role in angiogenesis and tumorigenesis. A murine anti-VEGFR2 mAb (A8H1) has been established in a previous study. To reduce the incompatibility of the murine mAb for human use, the chimeric anti-VEGFR2-IgG was developed by genetic recombination of the variable regions of the A8H1 antibody and the constant regions of human IgG, and was expressed in Sp2/0 cells transfected with the two recombinant vectors containing the heavy chain and the light chain regions. After screening, clone 2F12 was selected and was found to stably secrete the murine-human chimeric anti-VEGFR2-IgG (coded 2F12). This chimeric IgG maintained the specificity and the affinity of the parental murine antibody against VEGFR2, and effectively identified VEGFR2 expressed on the surface of HUVECs and BEL-7402 cells. Furthermore, the 2F12 antibody demonstrated inhibition of angiogenesis in vitro, such as proliferation, migration, invasion and tube formation of HUVECs. This murine-human chimeric IgG may be considered for further development as an anti-angiogenesis and anti-tumor agent.
Introduction
Angiogenesis is a tightly regulated multiple-step process that results in the formation of new blood vessels from preexisting vasculature (Ferrara and Kerbel 2005) . Accumulating experimental and clinical studies have implicated uncontrolled angiogenesis as a major contributor in tumor growth and metastasis (Mojzis et al. 2008; Lai et al. 2012) . A clear correlation between tumor growth and angiogenesis has been identified. Without vascularization, solid tumors only grow to 1-2 mm in diameter (Naumov et al. 2006) . Therefore, tumor growth and metastasis are angiogenesis-dependent, and microvascular endothelial cells (ECs) recruited by tumors have become an important secondary target in cancer therapy (Jin et al. 2012) . In contrast to conventional therapies that require targeting individual tumor cells, local interruption of tumor vasculature may adversely affect all tumor cells that are dependent on the vasculature for nourishment. In addition, targeting ECs which support tumor growth is particularly promising because these cells are genetically stable and, therefore, less likely to accumulate mutations that would allow them to develop drug resistance (Kerbel and Folkman 2002) .
Compelling evidence suggests that vascular endothelial growth factor (VEGF), a primary stimulant of angiogenesis, can bind and activate its receptors, VEGF receptor 1 (VEGFR1) and VEGF receptor 2 (VEGFR2, or kinase insert domain-containing receptor, KDR) (Lakshmikanthan et al. 2011) , both of which are relatively endothelial cell-specific transmembrane tyrosine kinases. VEGF-mediated signaling pathways can mediate endothelial proliferation, migration, morphogenesis, and differentiation (Sharma et al. 2011) . Interaction of VEGF with its receptors, especially with VEGFR2, plays a critical role in angiogenesis under both physiological and pathological conditions (Huang et al. 2011; UgarteBerzal et al. 2010) . VEGFR2 is frequently upregulated in a number of clinically important human diseases including cancer (Xia et al. 2006; Charpidou et al. 2011) . As a result, angiogenesis inhibitors have been developed to target VEGFR2 on vascular ECs and block angiogenesis that is required for tumor growth. These inhibitors include antibodies (Wicki et al. 2012; Kodack et al. 2012) , immunotoxins (Behdani et al. 2013) , ribozymes (Tao et al. 2007 ), soluble receptors , and small molecule tyrosine kinase inhibitors (Shen et al. 2012) . Some of them have demonstrated significant therapeutic efficacy both in preclinical animal models and in clinical trials in patients with cancer. Taken together, these findings indicate that VEGFR2 represents a potential target for therapeutic intervention of human diseases such as cancer in which pathological angiogenesis is involved (Terme et al. 2013; Mazor et al. 2013) .
Monoclonal antibodies (mAbs), owing to their high specificity towards a given target, represent a unique class of novel therapeutics as angiogenesis inhibitors, especially in tumor therapy (Yao et al. 2011) . Compared with small molecule inhibitors against VEGFR2 which normally have off-target effects thus influencing other related tyrosine kinase receptors that are required for the functional regulation of normal cells, the anti-VEGFR2 mAbs may provide higher specificity towards vascular endothelial cells in tumors, and therefore, have a better safety profile. Furthermore, neutralizing mAbs to VEGFR2 will not only block the angiogenic activity of VEGF, but also block that of the other growth factors exerting angiogenic effects via the receptor, including VEGF-C, VEGF-D and VEGF-E. As a result, the neutralizing mAbs can effectively inhibit the pathological angiogenesis. Extensive studies have focused on the development of anti-VEGFR2 mAbs. For example, it is demonstrated that a chimeric anti-VEGFR2 mAb (IMC-1C11, ImClone Systems Corporation, NJ, USA) is capable of blocking VEGF-VEGFR2 interactions and inhibiting VEGF-stimulated receptor activation and mitogenesis of human endothelial cells (Lam et al. 2007 ). In addition, Ramucirumab (IMC-1121B, ImClone Systems Corporation, NJ, USA) is a fully human IgG1 mAb that binds to the extracellular domain of VEGFR2, thereby blocking VEGF-VEGFR2 interactions. Phase I and II studies of Ramucirumab have been completed, and Phase III clinical trials are underway (Spratlin et al. 2010; Franklin et al. 2011) . Taken together, these studies demonstrate that the strategy using VEGFR2-targeting mAbs is a promising therapeutic approach for tumor suppression.
We have previously reported the generation of a murine mAb (A8H1) against VEGFR2 (Huang et al. 2010) . In this study, we describe the creation of the murine-human chimeric antibody by genetic recombination of the variable regions of the A8H1 antibody and the constant regions of human IgG. Furthermore, the anti-angiogenesis effect of this chimeric mAb was evaluated in vitro.
Materials and methods

Cell lines and agents
The hepatocellular carcinoma cell line and the human umbilical vein-derived endothelial cell (HUVEC), both positive for VEGFR2 expression, and mouse fibroblast cell line (NIH3T3) were obtained from the Cell Bank of the Chinese Academy of Sciences, Shanghai, China. The cells were cultured in DMEM medium (GIBCO, Grand Island, NY, USA) containing 10 % fetal bovine serum (FBS) (GIBCO) and maintained at 37°C in a humidified 5 % CO 2 incubator. The murine A8H1 hybridoma was maintained in our lab as described previously (Huang et al. 2010) . A murine-human chimeric anti-anthrax IgG (TEX-IgG) was used as a control mAb which was developed by us (manuscript submitted).
Construction of the vectors for the expression of chimeric anti-VEGFR2 mAb Total RNA was extracted from the A8H1 hybridoma by the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized using SuperScript II Reverse Transcriptase (Invitrogen) according to the manufacturer's protocols. V H and V L genes with corresponding signal sequences were amplified by PCR with degenerate primers as described (RoqueNavarro et al. 2003) . Amplification conditions consisted of 2 min at 94°C for Taq activation followed by 30 cycles of denaturing at 94°C for 30 s, annealing at gradient temperatures from 52.9 to 62. 2°C (52.9, 55.1, 56.7, 58.6, 60 .2 and 62.2°C) for 30 s and elongation at 72°C for 30 s. PCR products of V H and V L were purified and then cloned into pAH4604 at EcoR V/Nhe I and into pAG4622 at EcoR V/Sal I, respectively. The recombinant vectors pAH4604/ A8H1-V H and pAG4622/A8H1-V L were sequenced using an ABI 3700-capillary electrophoresis DNA sequencer. Sequences were further analyzed using the VBASE2 database (http://www.vbase2.org/).
Screening of murine-human chimeric anti-VEGFR2 mAb
The pAH4604/A8H1-V H and pAG4622/A8H1-V L were linearized by the restriction endonuclease Pvu I and co-transfected into the murine myeloma Sp2/0 cells by electroporation using the Gene Pulser Xcell Electroporation System (Bio-Rad, Hercules, CA, USA). After 48 h, the selective medium (OPTI-MEM I medium (GIBCO) containing 20 % FBS (GIBCO), 1 mg/mL L-histidinol for heavy chain selection, and 1 lg/mL mycophenolic acid (MPA) plus 250 lg/mL xanthine (all from Sigma-Aldrich, St.
Louis, MO, USA) for light chain selection) was added. Following a two-week selection, cells were subcloned into 96-well plates (Corning Inc., Corning, NY, USA). Supernatants containing the mAbs were screened by a specific three-round ELISA.
Briefly, EIA plates were coated with 5 lg/mL goat anti-human IgG (Fab specific) (Sigma-Aldrich). After blocking with 3 % bovine serum albumin (BSA) in PBS, 100 lL of supernatant containing monoclonal IgG was equally divided into two wells (50 lL per well), and the plates were incubated for 2 h at room temperature. Supernatant of untransfected Sp2/0 cells, the selective medium and 3 % BSA in PBS served as negative controls while the TEX-IgG was used as a positive control. After washing, 50 lL of either alkaline phosphatase (AP)-conjugated goat antihuman IgG (Fc specific) or AP-conjugated goat antihuman kappa light chain (Sigma-Aldrich) were added and incubated for a further 1 h at room temperature for enzyme reaction using the p-Nitrophenyl Phosphate (pNPP) Liquid Substrate System (Sigma-Aldrich). The absorbance was read at 405 nm. The doublepositive clones for both anti-kappa and anti-Fc detection were then verified by a VEGFR2-specific ELISA. Briefly, EIA plates were coated with 2 lg/mL of purified human VEGFR2 protein (Cell Sciences, Canton, MA, USA). Supernatants of the clones double-positive for both anti-kappa and anti-Fc detection were applied, followed by the addition of the APconjugated goat anti-human IgG (Fc specific) (SigmaAldrich) and further incubation for 1 h at room temperature for enzyme reaction using the p-Nitrophenyl Phosphate (pNPP) Liquid Substrate System. The absorbance was read at 405 nm. One of the triplepositive clones with the highest absorbance was chosen for further evaluation.
Purification of murine-human chimeric anti-VEGFR2-IgG
The selected clone was cultured at a large scale in the Hybridoma-SFM medium (GIBCO) supplemented with 5 % ultra-low IgG FBS. The chimeric anti-VEGFR2-IgG was purified by affinity chromatography using a Protein G HP column (GE Healthcare, Piscataway, NJ, USA). The purity of the chimeric anti-VEGFR2-IgG was analyzed by SDS-PAGE (10 %) with Coomassie Blue staining.
Stability of chimeric antibody secretion
The cells secreting the chimeric anti-VEGFR2-IgG were cultured in 10 % FBS/OPTI-MEM I medium (GIBCO) without L-histidinol and MPA (both from Sigma-Aldrich) to test the stability of antibody expression. Cells were transferred every 3-4 days after reaching 90 % confluence. The cells and culture supernatant were collected for 30 passages. To test the stability of the genetic recombination, total RNA from cells of the 30th passage was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). To avoid possible genomic DNA contamination, all RNA samples were treated with RNase-free DNase (Promega, Madison, WI, USA). RT-PCR was then carried out while the primer sets and conditions (annealing at 60.2°C) were used as mentioned above. To test the stability of secretion, all supernatants of 30 passages were tested by the VEGFR2-specific ELISA as described above.
Affinity determination of the chimeric anti-VEGFR2-IgG
The affinity of the chimeric anti-VEGFR2-IgG was calculated by non-competitive ELISA (Loomans et al. 1995) . EIA plate was coated at 4°C overnight with purified VEGFR2 protein either at 4 or 2 lg/mL. After the plate was blocked, serial dilutions of the chimeric anti-VEGFR2-IgG were added (3 replicated wells for each dilution). The concentration of the chimeric anti-VEGFR2-IgG and the absorbance at 405 nm were plotted to two hyperbolic curves by the GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The dissociation constant (K d ) was then calculated using the SPSS statistical software version 13.0 (SPSS Inc., Chicago, IL, USA).
Western blot
HUVECs, BEL-7402 or NIH3T3 cells were lysed in cold RIPA buffer (100 mM Tris HCl, 300 mM NaCl, 2 % NP40 and 0.5 % sodium deoxycholate) supplemented with a proteinase inhibitor cocktail (the cOmplete proteinase inhibitor cocktail; Roche, Indianapolis, IN, USA). Protein concentration was determined using a bicinchoninic acid (BCA) Protein Assay kit according to the manufacturer's instruction (Pierce, Rockford, IL, USA). Typically, 50 lg of protein from whole-cell lysate were separated by 10 % SDS-PAGE and transferred to polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). The membrane was blocked with PBS containing 5 % non-fat milk overnight at 4°C, incubated with the chimeric anti-VEGFR2-IgG at 20 lg/mL or rabbit polyclonal anti-b-actin antibody (Boster Corp., Wuhan, China) for 1.5 h at room temperature, washed in PBS with 0.05 % Tween 20 (0.05 % PBST), and reacted with HRP-conjugated goat anti-human IgG (Fc specific) (Sigma-Aldrich) or HRP-conjugated goat anti-rabbit IgG (Boster Corp., Wuhan, China), for an additional 1 h at room temperature. The reaction was detected by ECL Western Blot Substrate (Pierce) per the manufacturer's instruction. The ratio of VEGFR2 to b-actin was determined by scanning densitometry using the Quantity One software (version 4.6.3, Bio-Rad).
Cell ELISA assay
HUVECs or BEL-7402 cells harvested in the logarithmic growth phase were seeded at a cell density of 2 9 10 4 cells/well in 96-well plates. After cells were incubated overnight, the medium was aspirated. Then the cells were washed three times with ice-cold PBS, and fixed with 4 % paraformaldehyde in PBS for 20 min at room temperature. After discarding the fixation solution and drying completely, the plates were blocked with 1 % non-fat milk (Bio-Rad) for 2 h, followed by the addition of 50 lL of the chimeric anti-VEGFR2-IgG or TEX-IgG with gradient antibody concentrations (80, 40, 20, 10, 5, 1.25 and 0.31 lg/mL) in triplicate wells. After 2 h, the antibody solution was removed, and the wells were washed six times with 0.05 % PBST, followed by the addition of goat anti-human IgG coupled to horseradish peroxidase (HRP) at a dilution of 1:2,000 to each well which was next incubated for 1 h at room temperature. After washing for six times with 0.05 % PBST, TMB solution of 50 lL/well was added. After 30 min, color development was stopped by 1 M H 2 SO 4 , and the optical absorbance was measured at 450 nm.
In vitro immunofluorescence assay
Briefly, HUVECs or BEL-7402 cells were grown in the 96-well plates at a cell density of 5 9 10 3 cells/ well overnight, washed three times with ice-cold PBS, and fixed with 4 % paraformaldehyde in PBS for 20 min at room temperature. After blocking with 1 % non-fat milk for 2 h, 50 lL of the chimeric anti-VEGFR2-IgG, TEX-IgG or the murine anti-VEGFR2-IgG (A8H1) at an antibody concentration of 80 lg/mL was added into the wells. Following 4 h incubation, the wells with the chimeric anti-VEGFR2-IgG or TEX-IgG added were washed 3 times with 0.05 % PBST, and the fluorescein isothiocyanate (FITC) or rhodamine conjugated goat anti-human IgG antibodies (Abnova, Walnut, CA, USA) were added at a dilution of 1: 16. Meanwhile, the wells with A8H1 antibody added were treated with FITC-or rhodamine-conjugated goat anti-murine IgG antibody (LifeSpan BioSciences, Seattle, WA, USA). The cells were incubated for 1 h at room temperature. Finally the cells were washed as described above and examined with fluorescence microscopy (Olympus, Tokyo, Japan).
Proliferation assay
Cell proliferation was determined using the MTT assay (Chen et al. 2012a ). HUVECs, BEL-7402 or NIH3T3 cells (3 9 10 3 cells/well) were seeded in 96-well plates and exposed to various concentrations of the chimeric anti-VEGFR2-IgG (0, 25, 50, 100, 200 and 400 lg/mL) at 37°C. The cell viability was observed after incubation for 24, 48, and 72 h (BEL-7402 cells were observed until 96 h of treatment). At 4 h before each observation time point, 10 lL of MTT solution (5 mg/mL) was added to each well. The cells were further incubated for 4 h at 37°C followed by the removal of medium from the wells. Finally, 150 lL DMSO was added to each well, and the absorbance was measured at 570 nm. All experiments were performed in triplicate.
Migration assay
A modified Boyden chamber assay was used (Glinskii et al. 2012) . HUVECs (2 9 10 4 cells/well) were plated in serum-free medium with the chimeric anti-VEGFR2-IgG at 25, 50, 100, 200 or 400 lg/mL on cell culture inserts with a pore size of 8.0 lm (BD Biosciences, San Jose, CA, USA) and allowed to migrate at 37°C. Minimum essential medium (MEM) (GIBCO) containing 2.5 % FBS in the lower chamber served as the chemoattractant. All experiments were performed in triplicate. After 12 h of incubation, cells on the upper side of the filter were removed with cotton swabs, and the migrated cells on the lower side of the filter were fixed and stained with gentian violet (Sigma-Aldrich). Next, the cells migrated were observed and photographed under a light microscope. The average number of migrated cells was calculated from five random microscopic fields. The percentage of migrated cells inhibited by the chimeric anti-VEGFR2-IgG was calculated based on cell migration in control wells.
Cell invasion assay
The invasion assay was carried out as described previously, with some modifications . Briefly, the filter of the Transwell plate (Millipore) was coated with Matrigel (BD Biosciences). After Matrigel polymerization, the bottom chambers were filled with MEM containing 2.5 % FBS, and the top chambers were seeded with 100 lL serum-free medium containing the chimeric anti-VEGFR2-IgG at various concentrations (0, 25, 50, 100, 200 and 400 lg/mL) and HUVECs (2 9 10 4 cells/well). Cells were allowed to migrate for 20 h. Non-invaded cells were scraped with a cotton swab, and invaded cells were fixed. The cells were quantified by manual counting and photographed under a light microscope. The percentage of invaded cells inhibited by the chimeric anti-VEGFR2-IgG was calculated based on cell migration in control wells.
In vitro tube formation assay
In this assay, two study protocols were employed. In the first protocol, the tube formation assay was performed on Matrigel as described previously (Selbonne et al. 2012; Adya et al. 2012) . The Matrigel was placed at 4°C for 24 h prior to the experiment, and then the Matrigel (70 lL/well) was added to 96-well plates and was left for solidification for 1 h at 37°C. Next, HUVECs were seeded at 1 9 10 4 cells/well on the Matrigel and exposed to various concentrations of the chimeric anti-VEGFR2-IgG (0, 25, 50, 100, 200 and 400 lg/mL) in DMEM containing 10 % FBS. After 2 h and 4 h of incubation, randomly chosen fields were photographed under a microscope at 1009 magnification.
In the second protocol, HUVECs at 1 9 10 4 cells/ well were seeded in 96-well plates 12 h prior to the assay. Next, following removal of the medium by aspiration, a confluent monolayer of HUVECs was coated with Matrigel (1: 2 dilution with serum-free medium) containing the chimeric anti-VEGFR2-IgG at concentrations of 25, 50, 100, 200, or 400 lg/mL. All procedures were performed at 4°C. After incubation for 2 h at 37°C to solidify Matrigel, 50 lL of DMEM with the chimeric anti-VEGFR2-IgG (25, 50, 100, 200 and 400 lg/mL) were added to the corresponding wells with an identical antibody concentration. After 24, 48 and 120 h, randomly chosen fields from 3 wells/condition were photographed under a microscope at 2009 magnification.
Statistical analysis
All quantitative data were described as means ± standard deviation, and analyzed by Variance Analysis and SNK-q test of the SPSS statistical software. Differences were considered significant at P \0.05 (two-tailed).
Results
Construction of the vectors for the expression of chimeric anti-VEGFR2 mAb V H and V L genes with the corresponding signal sequences of the murine A8H1 antibody, both about 420 bp, were amplified by RT-PCR at different annealing temperatures (Fig. 1a, b) . Two recombinant vectors, pAH4604/A8H1-V H and pAG4622/A8H1-V L , were constructed successfully according to sequencing analysis and could be re-cut by EcoR V/Nhe I or EcoR V/Sal I (Fig. 1c) , confirming the integrity of the vectors.
Screening and purification of the chimeric antibody 2F12
Following transfection Sp2/0 cells were subcloned and 4 positive monoclones (1D6, 1D8, 3B3 and 2F12) were identified by triple-ELISA screening (Table 1) . (Fig. 1a-d) One of the clones, 2F12, with the strongest affinity to the antigen, was cultured at a large scale and the supernatant was purified using a protein G column. Polyacrylamide gel electrophoresis (10 %) followed by Coomassie Blue staining showed equal expression of the heavy chain (about 55 kDa) and the light chain (about 25 kDa) of the antibody, as shown in Fig. 1d . The purity of the chimeric anti-VEGFR2-IgG (coded 2F12) was above 95 % after purification. According to the sequences of recombinant vectors, pAH4604/ A8H1-V H and pAG4622/A8H1-V L , the isotype of chimeric antibody clone 2F12 secreted was IgG1/ kappa. The detailed DNA sequences of the 2F12 antibody are shown in Supplementary Fig. 1 .
Stability of chimeric antibody secretion
As shown in Fig. 2a , using the primer sets and conditions as mentioned in the methods, the expected PCR products of V H and V L genes with corresponding signal sequences, both about 420 bp, were obtained from clone 2F12 which is still capable of secreting the chimeric anti-VEGFR2-IgG at the 30th passage following culture without the selective pressure by Lhistidinol and MPA. As a positive control, identical PCR products were also obtained from the A8H1 hybridoma secreting murine anti-VEGFR2 antibody. No such products were obtained in the control Sp2/0 cells without transfection. The sequencing results confirmed that the V H and V L genes inserted were correct.
By ELISA, all supernatants from the cells of clone 2F12 cultured without the selective pressure during 30 passages were shown to be positive against the VEGFR2 protein (Fig. 2b) . A further detailed analysis revealed that no significant declines were observed in antibody secretion by clone 2F12 during the passages.
Affinity determination of the 2F12 antibody
The 2F12 antibody could bind VEGFR2 protein (either at 4 or 2 lg/mL) in a dose-dependent manner. The concentration of mAbs and the absorbance at 405 nm were plotted to two hyperbolic curves using GraphPad Prism software. Using SPSS statistical software, the K d of the 2F12 antibody was calculated to be 8.998 9 10 -9 mol/L, compared with 6.952 9 10 -9 mol/L of the A8H1 antibody, using the SPSS statistical software (Fig. 2c) . The result showed that the affinity of the chimeric 2F12 antibody remained similar to its parental murine one.
Western blot
Western blot results revealed that the 2F12 antibody could recognize the VEGFR2 protein in HUVECs, BEL-7402 and NIH3T3 cells as its parental murine A8H1 antibody. The level of VEGFR2 protein expression was highest in HUVECs, moderate in BEL-7402 cells and lowest in NIH3T3 cells, according to scanning densitometry (Fig. 3a) .
Cell ELISA assay and in vitro immunofluorescence assay Cell ELISA analysis revealed that the 2F12 antibody could specifically bind the VEGFR2 on HUVEC and BEL-7402 cell surface in a dose-dependent manner, while the control antibody TEX-IgG with different antigen specificity could not bind to these two cell lines even at a higher antibody concentration (Fig. 3b,  c) . Taken together, these results demonstrated that the 2F12 antibody could specifically bind to the VEGFR2-positive cells as its parental murine A8H1 antibody. The 2F12 antibody could specifically bind HUVECs and BEL-7402 cells with VEGFR2 expression as evidenced by the immunofluorescence microscopic observation (Fig. 4) . Following incubation with the 2F12 antibody, BEL-7402 cells treated with FITCconjugated anti-human-IgG exhibited green fluorescence, and HUVECs treated with rhodamine-conjugated anti-human IgG exhibited red fluorescence around the cell surface and in the cytoplasm. Following incubation with the A8H1 antibody, HUVECs These results implied that this chimeric antibody could specifically bind to the VEGFR2 protein on the cell surface as its parental A8H1 antibody.
Proliferation assay
As shown in Fig. 5a, b , it was demonstrated that the 2F12 antibody at various concentrations could significantly inhibit the proliferation of HUVECs in a dosedependent manner. The absorbance values, which corresponded to the cell density, for wells treated with the 2F12 antibody at various concentrations were significantly lower than that for the control wells at each time point (P \ 0.05). The 2F12 antibody exhibited anti-proliferation effect on HUVECs following treatment for 24 h. The percentage of viable cells dropped to (51.07 ± 8.64) % of control following treatment with 25 lg/mL of the 2F12 antibody, and the percentages further went down to 37.85 ± 6.90 % of control when 400 lg/mL of the antibody was used. The inhibition effect was most pronounced at 48 h after treatment and the percentages of viable cells were (32.23 ± 2.35) and (25.33 ± 4.94) % when the antibody was added at 25 and 400 lg/mL, respectively.
As shown in Fig. 5b , the 2F12 antibody of 400 lg/mL could significantly inhibit the proliferation of BEL-7402 cells when compared with the control (P \ 0.05). The anti-proliferation effect of 2F12 was weaker on BEL-7402 cells than on HUVECs at each time point. The percentages of viable BEL-7402 cells were higher than those of HUVECs, even the observe time prolonged to 96 h after 2F12 treatment.
In contrast to the above two cell lines, there was no significant difference (P [ 0.05) in the proliferation of NIH3T3 cells treated with the 2F12 antibody at various concentrations (Fig. 5c ).
Migration and cell invasion assay
The 2F12 antibody could antagonize the migration and invasion of HUVECs, as the number of cells that migrated to and invaded the lower side of the filter was significantly reduced in the wells treated with the 2F12 antibody than in the control wells in a dose-dependent manner (Fig. 6a) . After 2F12 treatment for 12 h, the inhibition rates of migration of HUVECs through the Matrigel were 13. 04, 19.56, 43.91, 71.74 and 79 .57 % at 25, 50, 100, 200 and 400 lg/mL doses, respectively (Fig. 6b) . Similarly, the 2F12 treatment for 18 h inhibited the number of HUVECs invading through the Matrigel by 8. 28, 24.14, 58.62, 74.48 and 81 .38 % at doses of 25, 50, 100, 200 and 400 lg/mL, respectively (Fig. 6c ). There were significant differences in the number of migrating and invading cells between wells of 100, 200 and 400 lg/mL of the 2F12 treatment and control (P \ 0.05). When the 2F12 at 400 lg/mL was added, the number of HUVECs having There were significant differences in the absorbance values between control wells and wells treated with the 2F12 antibody at different doses at each time point (P \ 0.05). The cell viability rate was calculated after the 2F12 incubation at 24, 48 and 72 h. After the 2F12 treatment of 24 h, the cell viability was (51.07 ± 8.64), (46.47 ± 7.51), (43.73 ± 6.67), (40.92 ± 5.82) and (37.85 ± 6.90) % of control, respectively, in cells treated with the 2F12 antibody with different concentration (25-400 lg/mL), The inhibition effect was most obvious at 48 h treatment of the 2F12 antibody, and the cell viability was (32.23 ± 2.35) %, (34.14 ± 5.03) %, (30.18 ± 5.30) %, (26.71 ± 5.82) %, (25.33 ± 6.90) % of control, respectively, in cells treated with the 2F12 antibody at different concentration (25-400 lg/mL). b The 2F12 antibody at 400 lg/mL could significantly inhibit the cell proliferation of BEL-7402 cells, when compared with the control (P \ 0.05). The inhibition effect was most obvious under the 400 lg/mL 2F12 treatment of 96 h, and the cell viability was (56.24 ± 5.06) % of control. c The 2F12 antibody at different doses has no significant inhibition effect on NIH3T3 cells Cytotechnology (2014) 66:395-411 405 migrated and invaded to the membrane was smallest, (20.43 ± 8.56) and (18.62 ± 7.34) % of control, respectively.
In vitro tube formation assay
The control HUVECs plated on Matrigel became elongated, exhibited extended protrusions, and were aligned along the perimeter of the enclosed spaces after 4 h of culture. In contrast, the presence of the 2F12 antibody significantly reduced the tubular network formation of HUVECs in a dose-dependent manner (Fig. 7) . After 24 h of culture, the control HUVECs exhibited the anastomosing tubes with multicentric junctions, while the phenomenon was not obvious in cells treated with the 2F12 antibody ( Fig. 7) . With extended incubation time, HUVECs in control medium were aligned to form more pronounced lumen-like structures and the anastomosing tubes with multicentric junctions. In contrast, the 2F12 antibody inhibited the formation of such tubes and anastomoses. The inhibitory effect became stronger with increased antibody concentrations. Taken together, these results demonstrated that the 2F12 antibody could effectively inhibit the tube formation of HUVECs which exhibited fewer lumen-like structures and anastomosing tubes in a dose-and timedependent manner.
Discussion
In the present study, we screened and developed a cell line derived from Sp2/0 cells transfected with recombinant vectors containing the V H and V L of murine anti-VEGFR2 antibody (A8H1), which could stably secrete a murine-human chimeric anti-VEG-FR2-IgG antibody (2F12). The affinity of the chimeric antibody 2F12 was similar to that of the parental A8H1 antibody, and the 2F12 antibody could specifically bind to VEGFR2 on the cell surface. Furthermore, the 2F12 antibody could suppress key steps involved in angiogenesis, including proliferation, migration, invasion and tubulogenesis in endothelial cells. The mAb shows high specificity for a given target and represents a unique class of novel therapeutic agents as an angiogenesis inhibitor. However, many mAb-based clinical trials in the 1980s and early 1990s failed to show efficacy, mainly because of several intrinsic properties associated with rodent-derived mAbs, such as the recognition and rejection of the murine antibodies by the human host which can generate an human anti-mouse antibody (HAMA) response (Ott et al. 2012) . Ideally, fully human mAbs are desired for application in humans, which, unfortunately, is ethically impractical. In addition, the lack of a human cell line that has high fusion efficiency and maintains stable secretion of mAbs has hindered the development of human-human hybridomas. Consequently, molecular modifications of murine mAbs including chimeric and humanized mAbs are therefore carried out to reduce the immunogenicity, but to retain similar affinity and stability of the murine parental antibodies, so as to facilitate clinical applications (Salles et al. 2012) .
One of the methods to develop the chimeric antibody is using eukaryotic expression plasmid(s) in mammalian cells. The two plasmids, pAH4604 and pAG4622, contain intron(s) between the variable region and constant region(s), which complies with antibody secretion in vivo. Linearization of both vectors by Pvu I, which cuts once in the ampicillinresistance gene, might not be able to increase transfection efficiency. However, it raised the chances of the integration of the vectors into the host cell genome without disrupting the inserted antibody genes or other elements required for expression in mammalian cells. The selective markers in these two vectors are the histidinol dehydrogenase (His D) gene in pAH4604 and the xanthine-guanine phosphoribosyl transferase (XGPRT, also known as GPT) gene in pAG4622. The selective medium contained L-histidinol for His D screening and MPA together with xanthine for XGPRT screening. A stably transfected cell line that secreted anti-VEGFR2-IgG was obtained. By RT-PCR assay, identical sequences of the V H and V L regions of murine A8H1 antibody could be amplified from 2F12 cells even after 30 culture passages. By ELISA assay, the 2F12 cells that were maintained in medium without L-histidinol and MPA could secrete anti-VEGFR2-IgG stably during passages, and there was no significant change in antibody secretion among all the 30 passages.
The 2F12 antibody showed a high binding activity with a recombinant human VEGFR2 protein by ELISA, and had a similar affinity as its parental A8H1 antibody according to the affinity determination. The 2F12 antibody could specifically bind to HUVECs and BEL-7402 cells with VEGFR2 expression by cell ELISA and immunofluorescence assay. All these results demonstrate that the antibody engineering process did not change the specificity of the chimeric mAb 2F12 compared with its parental murine anti-VEGFR2 A8H1 antibody. The murine A8H1 antibody was designed to target VEGFR2 extracellular Ig domain 3 which is the VEGFs binding region (Roskoski 2008) . The binding of antibody and VEGFR2 may attenuate the interaction between VEGFs and VEG-FR2, and may partly block downstream pathways. The chimeric 2F12 antibody has the same specificity and is supposed to target the same epitope of VEGFR2 and to affect the pathways as the murine precursor. The Fc region was consequently converted from murine IgG2a to human IgG1. Fc region of human IgG1 can enhance FccRIII-mediated antibody-dependent cell-mediated cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC), and can be the most suitable for therapeutic use against pathogen and cancer cells (Sawada et al. 2011) . The effect of ADCC and CDC of the 2F12 antibody on hepatocellular carcinoma cells needs to be further confirmed.
Tumor angiogenesis is a complex interrelated multistep process. Inhibition of some steps of these processes may lead to the disruption of angiogenesis and can be exploited as a potential antitumor therapy. The effect of anti-angiogenesis could be achieved by inhibiting the proliferation, migration and invasion of vascular endothelial cells. In our results, the 2F12 antibody could inhibit the proliferation, migration, invasion and tube formation of HUVECs in vitro. As the A8H1 antibody has the ability to bind to NIH3T3 cells (in the nuclei) according to a previous study (Huang et al. 2010) , we assessed whether the 2F12 antibody had an effect on NIH3T3 cells in current study. The result showed that the 2F12 antibody had no significant influence on the proliferation of NIH3T3 cells which has sparing VEGFR2 expression in the nuclei while no VEGFR2 expression on the surface. Furthermore, we observed that the 2F12 antibody had much weaker inhibition effect on BEL-7402 cells than on HUVECs. This phenomenon may be partly because the VEGFR2 expression was lower in hepatocellular carcinoma cells like BEL-7402 cells than in HUVECs (Chen et al. 2012b ). This phenomenon may also be partly explained by the fact that the main subtype of VEGF receptor on the surface of BEL-7402 cells is VEGFR1 rather than VEGFR2. A recent study has found that 82.8 % of the cultured BEL-7402 cells expressed VEGFR1, while only 13.1 % of the cells expressed VEGFR2 . Above all, it is suggested that the chimeric antibody 2F12 has an efficient anti-angiogenesis effect through the VEGFR2 on the surface of HUVECs, and has the potential to suppress tumor growth by its anti-angiogenesis effect.
One of the methods to reveal anti-angiogenesis is the tube formation assay performed on Matrigel. Vascular endothelial cells can be seeded on the Matrigel to observe the tube formation. In this method, the phenomenon can only be observed within 24 h. In contrast, we seeded the cells under the Matrigel mimicking a 3D culture. With the nutrients in the Matrigel and the top liquid culture medium, cells can grow three-dimensionally in the Matrigel, overcoming the contact inhibition in the plane culture. Thus, changes in cell morphology and anti-angiogenesis effects can be observed even after 120 h. In addition, some tumor cells are observed to highly express the VEGFR2 protein on the cell surface, such as breast cancer cells (Lee et al. 2013 ) and non-small-cell lung cancer cells (Chen et al. 2013) . It is possible to further increase the efficacy of the chimeric anti-VEGFR2-IgG antibody by conjugating the antibody with antitumor agents, as the conjugated antibody can not only bind and inhibit the mesenchyma of vascular endothelial cells for stopping the nutrient supply to tumor cells, but also target and kill the parenchyma of cancer cells directly. Further experiments might also focus on how the VEGFR2 signaling pathway is affected by the 2F12 antibody, like the phosphorylation of VEGFR2 and regulation of downstream pathways, and on whether the 2F12 antibody can inhibit the tube formation of HUVECs in vivo, although it had this effect in vitro.
For in vitro study, 400 lg/ml of mAb used is relative high. The reasons were considered as follows. First, it was found that the dissociation constant of the 2F12 antibody was 8.998 9 10 -9 mol/L, higher than 6.952 9 10 -9 mol/L of the A8H1 antibody. This means that the 2F12 antibody has a little lower affinity to VEGFR2 than the A8H1 antibody. So a relative high concentration of 2F12 was used for the in vitro study. Second, the 2F12 antibody might have a little lower inhibition effect of angiogenesis in vitro than the A8H1 antibody. Hence, we chose a wild range of concentrations of the 2F12 antibody for evaluation. Third, even at 25 lg/mL, the 2F12 antibody significantly inhibited the proliferation of HUVECs, and at 100 lg/mL, 2F12 antibody could significantly inhibit the migration and invasion of HUVECs. Furthermore, the 2F12 antibody could obviously inhibit the formation of such tubes and anastomoses, and the inhibitory effect became stronger with antibody concentrations increased. As a result, it is definite that the 2F12 antibody has an inhibition effect on angiogenesis in vitro at a wide range of antibody concentrations. Of course, the optimal inhibition concentration is desirable and will be further investigated in vitro and in vivo.
In conclusion, we report here the development of a chimeric anti-VEGFR2-IgG antibody (2F12) generated by antibody engineering using the variable regions of the murine A8H1 antibody. It is demonstrated that the 2F12 antibody can specifically bind VEGFR2 on HUVECs and inhibit HUVECs in vitro. The results highly suggest that the 2F12 antibody might be a potential candidate for the antiangiogenesis and anti-tumor therapy, and more detailed mechanisms should be explored in further studies.
